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Abstract
Based on the linearized Eilenberger equations, the upper critical field (Hc2) of
mixed d- and s-wave superconductors has been microscopically studied with
an emphasis on the competing effects of mass anisotropy and spin Zeeman
coupling. We find the mass anisotropy always enhance Hc2 while the Zeeman
interaction suppresses Hc2. As required by the thermodynamics, we find Hc2
is saturated at zero temperature. We compare the theoretical calculations
with recent experimental data of YBa2Cu3O7−δ.
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1
It has been a consensus1 that a high-Tc cuprate superconductor has a d-wave pairing
symmetry, and CuO2 plane is responsible for superconductivity. However, a pure d-wave
symmetry is appropriate only for a tetragonal lattice structure, an orthorhombic material
such as YBa2Cu3O7−δ (YBCO) is believed to have a subdominant s-wave component in
the order parameter. The orthorhombicity in YBCO is originated from a mass anisotropy
(MA) along a- and b-directions. In other words, ma is larger than mb. Such a discrepancy
is mainly due to CuO chains in the b-direction.2
Based on the Ginzburg-Landau theory, Xu et al.3 have explored effects of the mass
anisotropy to show that an s-wave component always coexists with a dominant d-wave
component in the bulk order parameter. Belzig et al.4 have obtained the phase diagram of a
mixed d- and s-wave superconductor in the quasiclassical theory,5 and shown that the mass
anisotropy gives rise to a non-zero s-wave component.
In this paper, we shall investigate effects of the MA on the upper critical field (Hc2) of
a mixed d- and s-wave superconductor, based on the quasiclassical theory, using a quantum
mechanical method we have developed in Ref.6 and compare a theoretical result with recent
experimental data.7 We also take into account the paramagnetic Zeeman interaction (ZI)
because Hc2 of a high-Tc superconductor is large at low temperature. As in Ref.
3,4, we
neglect any other effects associated with the chains. For example, we assume that lattice
constants along a- and b-directions have the same value.
Since the calculation of Hc2 is a quantum mechanical problem of a charged particle
in a constant magnetic field,6 first of all we need to check if solvable is a problem of a
charged particle with two different effective masses along x- and y-directions, mx and my,
respectively, in a constant magnetic field H = ∇×A = H zˆ. In the symmetric gauge, the
Hamiltonian H of the particle is given by
H= 1
2mx
(px +
e
2
Hy)2 +
1
2my
(py − e
2
Hx)2
=
1
2mx
(p2x + λp
2
y) +
eH
2mx
(ypx − λxpy) + e
2H2
8mx
(y2 + λx2), (1)
where λ = mx/my. Introducing operators ax and ay such that
2
ax =
1√
2mxω0
(mxω0
√
λx+ ipx), (2)
and
ay =
1√
2mxω0
(mxω0y + i
√
λpy), (3)
where ω0 = |e|H/2mx, H becomes
H = ω0[a+x ax + a+y ay +
√
λ+ i(a+x ay − a+y ax)]. (4)
Let us introduce a new operator b = (ax + iay)/
√
2
√
λ to simplify H; then, we obtain
H = ωc
(
b+b+
1
2
)
, (5)
with [b, b+] = 1, [b,H] = ωcb, and [b+,H] = −ωcb+, where ωc = |e|H/√mxmy. It shows
that the problem we are considering reduces to that of a simple harmonic oscillator, and
consequently Hc2 for an anisotropic mixed d-and s-wave superconductor can be exactly
calculated.
In the calculation of Hc2, we choose [110] and [−110] as x and y axis, respectively. An
electron spectrum ǫ(k) then changes from k2a/2ma + k
2
b/2mb to k
2/2m+ ckxky/m. Here we
have defined ma = m/(1− c) and mb = m/(1+ c), where a small quantity c is introduced to
represent the degree of mass anisotropy. The Fermi surface (FS) now is elliptical, and the
density of state N(φ) on FS becomes N0(0)/[1 + c sin(2φ)]. By considering the anisotropy
effect as a perturbation, we may assume that the order parameter can be still expanded
in terms of the set of unperturbed eigenstates {fN(R)}. In Ref.6, we have shown that the
(singlet) order parameter is written as A
(d)
0 |0〉d+A(s)2 |2〉s+A(d)4 |4〉d near Hc2, where we denote
|N〉d(s) as eigenstates fN of d(s) channel. However, we expect that some other states such
as |0〉s, |1〉s(d), and |2〉d may involve in the order parameter due to the perturbation. The
linear combination of these states for the order parameter near Hc2 will be determined by
the symmetry of the system.
The linearized Eilenberger equation is written as:8
3
Lˆf(ω,k,R) + isgn(ω)µ∗0H · [σf(ω,k,R)− f(ω,k,R)σtr] = 2π∆(R,k) , (6)
with
∆(R,k) = T
∑
ω
〈V (k,k′)f(ω,k′,R)〉FS , (7)
and
Lˆ = 2|ω|+ isgn(ω)vF ·Π. (8)
Here f(ω,k,R) is a quasiclassical Green’s function, σ = (σx, σy, σx) are Pauli matrices, ω is
the Matsubara frequency, µ∗0 can be interpreted as an effective magnetic moment of a quasi-
electron with a mass anisotropy (ma 6= mb), which will be considered as a phenomenological
parameter associated with a coupling strength between an electron spin and a magnetic
field. The symbol 〈· · ·〉SF =
∫ dφ′
2pi
N(φ′) · · · represents the angular average over the Fermi
surface. Since vF = vFaaˆ + vFbbˆ and Π = −i∇R − 2eA = Πaaˆ + Πbbˆ with aˆ and bˆ being
unit vectors along the a and b directions,
vF ·Π = (vFx + cvFy)Πx + (vFy + cvFx)Πy , (9)
with vFx,y = kFx,y/m in the x-y coordinate system. The pairing interaction in this coordinate
system can be written as
V (φ, φ′) = Vs + Vd sin(2φ) sin(2φ
′), (10)
where φ = tan−1(ky/kx).
For the singlet pairing, f = f0iσy and ∆ = ∆0iσy. Using the inverse of the operator
Lˆop = Lˆ+ isgn(ω)µ
∗
0H , which admits the representation
Lˆ−1op =
∫ ∞
0
ds exp(−sLˆop) , (11)
we show
f0 = 2π
∫ ∞
0
dse−s[Lˆ+2isgn(ω)µ
∗
0
H]∆0 . (12)
4
Substituting Eq. (12) into Eq. (7), we obtain the linearized gap equation of an anisotropic
mixed d- and s-wave superconductor as follows:
∆0(R, φ) = 2πT
∑
ω
〈V (φ, φ′)
∫
dξe−ξ[2|ω|+isgnωvF ·Π]
× cos(2µ∗0Hξ)∆0(R, φ′)〉SF . (13)
It is easy to see that ∆0(R, φ) turns out to be ∆s(R)+∆d(R) sin(2φ) because of the pairing
interaction V (φ, φ′) in Eq. (10).
Let us, first of all, consider equations to determine Tc of such a superconductor. Setting
H = 0, we obtain
∆s = N0Vs
(
1 +
c2
2
)
ln
2eγωD
πTc
∆s −N0Vs
(
c
2
)
ln
2eγωD
πTc
∆d, (14)
and
∆d = −N0Vd
(
c
2
)
ln
2eγωD
πTc
∆s +N0Vd
(
1
2
+
3
8
c2
)
ln
2eγωD
πTc
∆d. (15)
In order to calculate Tc of an anisotropic mixed d- and s-wave superconductor, it is convenient
to introduce the transition temperature Td(s) of the anisotropic d(s)-wave superconductor
such that N0Vs
(
1 + c
2
2
)
ln 2e
γωD
piTs
= 1, and N0Vd
(
1
2
+ 3
8
c2
)
ln 2e
γωD
piTd
= 1. Then, Tc can be
expressed in terms of Td(s) as follows:
(
1 +
c2
2
)(
1
2
+
3
8
c2
)
ln
Ts
Tc
ln
Td
Tc
=
(
c˜
2
)2
, (16)
where c˜ = c
∑nD
n=0(n+1/2)
−1 with ωD = (2nD+1)πTc. Here we would like to point out that
a phenomenological value Tc ≃ 12(Td+ Ts) + 12
√
(Td − Ts)2 + 8c˜2TdTs can be achieved only if
Ts ≃ Td ≃ Tc. If Ts << Td, Tc has to be numerically calculated.
Following Ref.6, we expand ∆d(s)(R) in terms of {fN (R)}, namely, ∆d,s(R) =∑
N A
(d,s)
N fN (R), to obtain
∆s(R)= Vs
∑
N
A
(s)
N
∫
dξ
∑
m
N∑
n=0
Φn,m(ξ, N)C
(s)
n,m(ξ, c)fN−n+m(R)
+Vs
∑
N
A
(d)
N
∫
dξ
∑
m
N∑
n=0
Φn,m(ξ, N)C
(sd)
n,m(ξ, c)fN−n+m(R) , (17)
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and
∆d(R)= Vd
∑
N
A
(s)
N
∫
dξ
∑
m
N∑
n=0
Φn,m(ξ, N)C
(sd)
n,m(ξ, c)fN−n+m(R)
+Vd
∑
N
A
(d)
N
∫
dξ
∑
m
N∑
n=0
Φn,m(ξ, N)C
(d)
n,m(ξ, c)fN−n+m(R) , (18)
where
Φn,m(ξ, N) = 2πTN0
∑
ω
e−2|ω|ξe
−|e|H
(
vF ξ√
2
)2
cos(2µ∗0Hξ)
× 1√
m!n!

 N
n


1/2 N − n+m
m


1/2
[−|e|H(vF ξ)2](n+m)/2
if (n +m) is even and Φn,m(ξ, N) = 0 if (n +m) is odd, and
C(j)n,m(ξ, c) =
∫
dφ
2π
sin(2φ)j
[1 + c sin(2φ)]
exp

−|e|H
(
vF ξ√
2
)2
[2c sin(2φ) + c2]


×(e−iφ − iceiφ)m(eiφ + ice−iφ)n
with C(0)n,m ≡ C(s)n,m, C(1)n,m ≡ C(sd)n,m and C(2)n,m ≡ C(d)n,m. (See Appendix A for the detailed
derivation.) It is necessary to investigate the symmetry properties of C(j)n,m to calculate Hc2
as we have mentioned early. Since c is a small quantity, we may expand the integrand of
C(j)n,m up to the c
2 order. After a careful investigation of C(j)n,m, we find
C(0)n,m ∝
sin[(m− n)π]
(n−m+ 4)(n−m+ 2)(n−m)(n−m− 2)(n−m− 4) , (19)
C(1)n,m ∝
C(0)n,m
(n−m+ 6)(n−m− 6) , (20)
and
C(2)n,m ∝
C(1)n,m
(n−m+ 8)(n−m− 8) . (21)
As one can easily see, C(0)n,m 6= 0 only if |n−m| = 0, 2, 4, C(1)n,m 6= 0 only if |n−m| = 0, 2, 4, 6,
and C(2)n,m 6= 0 only if |n−m| = 0, 2, 4, 6, 8. We also find other symmetry properties of C(j)n,m
such as C(j)n,m = −C(j)m,n if |n−m| = 2, 6, and C(j)n,m = C(j)m,n if |n−m| = 4, 8. These properties
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are still valid even if we expand C(j)n,m up to the c
4 order. We, thus, know that |2N〉d(s) do
not couple to |2N + 1〉d(s) but to |2N〉d(s), and vice versa. Consequently, we expect that
the order parameter is represented by
∑
N [A
(d)
2N |2N〉d sin(2φ) +A(s)2N |2N〉s] near Hc2; in other
words, Hc2 is determined by such coefficients as A
(d)
2N and A
(s)
2N .
Using the orthonormality of {fN}, we obtain the equation for the coefficients A(s)N and
A
(d)
N from which Hc2 will be calculated as follows:
A(s)m = Vs
∑
N
A
(s)
N
∫
dξ
N∑
n=0
Φn,m+n−N(ξ, N)C
(0)
n,m+n−N
+Vs
∑
N
A
(d)
N
∫
dξ
N∑
n=0
Φn,m+n−N(ξ, N)C
(1)
n,m+n−N , (22)
and
A(d)m = Vd
∑
N
A
(s)
N
∫
dξ
N∑
n=0
Φn,m+n−N (ξ, N)C
(1)
n,m+n−N
+Vd
∑
N
A
(d)
N
∫
dξ
N∑
n=0
Φn,m+n−N (ξ, N)C
(2)
n,m+n−N (23)
with m+ n−N ≥ 0, and |m−N | = 0, 2, 4 for C(0)n,m+n−N , |m−N | = 0, 2, 4, 6 for C(1)n,m+n−N ,
and |m − N | = 0, 2, 4, 6, 8 for C(2)n,m+n−N . The equations to determine Hc2 are given by
m = 0, 2, 4, · · ·, namely,
A
(s)
0 = Vs
∫
dξ
[
A
(s)
0 Φ
0
0,0C
(s)
0,0 + A
(s)
2 Φ
2
2,0C
(s)
2,0 + A
(s)
4 Φ
4
4,0C
(s)
4,0
+A
(d)
0 Φ
0
0,0C
(sd)
0,0 + A
(d)
2 Φ
2
2,0C
(sd)
2,0 + A
(d)
4 Φ
4
4,0C
(sd)
4,0 · · ·
]
A
(s)
2 = Vs
∫
dξ
[
A
(s)
0 Φ
0
0,2C
(s)
0,2 + A
(s)
2
2∑
i=0
Φ2i,iC
(s)
i,i + A
(s)
4
2∑
i=0
Φ42+i,iC
(s)
2+i,i · · ·
+A
(d)
0 Φ
0
0,2C
(sd)
0,2 + A
(d)
2
2∑
i=0
Φ2i,iC
(sd)
i,i + A
(d)
4
2∑
i=0
Φ42+i,iC
(sd)
2+i,i · · ·
]
A
(s)
4 = Vs
∫
dξ
[
A
(s)
0 Φ
0
0,4C
(s)
0,4 + A
(s)
2
2∑
i=0
Φ2i,2+iC
(s)
i,2+i + A
(s)
4
4∑
i=0
Φ4i,iC
(s)
i,i · · ·
+A
(d)
0 Φ
0
0,4C
(sd)
0,4 + A
(d)
2
2∑
i=0
Φ2i,2+iC
(sd)
i,2+i + A
(d)
4
4∑
i=0
Φ4i,iC
(sd)
i,i · · ·
]
,
...
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and similar equations of A
(d)
0 , A
(d)
2 , A
(d)
4 , · · ·. Hc2 is the largest value of solutions which satisfy
the condition for a non-trivial solution to exist in these equations of A
(d,s)
N . As we have
mentioned, |2N〉d(s)(N = 0, 1, 2, · · ·) are involved in the determination of Hc2; however, it is
expectable that the first few states such as |0〉d(s), |2〉d(s) and |4〉d(s) are important because
in the case of c = 0, |0〉d, |2〉s and 4〉d play the dominant role in determining Hc2. Inclusion
of more states such as |6〉d(s) and |8〉d(s) gives rise to a difference much less than 1%.
As we did in Ref.6, we introduce dimensionless unit in the calculation of Hc2: t =
T/Tc and h = 2|e|H(vF/2πTc)2. In addition to the anisotropy parameter c, we also define
parameters δ = Ts/Td and γz = (2πµ
∗
0/ev
2
F )Tc, which is the strength of spin-magnetic
field coupling. For the sake of comparison with experiment measurement, we convert the
normalized magnetic field into the dimensional one by using
H(T )
−dH
dT
|TcTc
=
h(t)
−dh
dt
|1
. (24)
By solving the eigen-equations for A
(d,s)
N , we plot Hc2 in Fig. 1 as a function of temperature
for several typical cases. Hc2 for an anisotropic mixed d- and s-wave superconductor with ZI
taken into account is plotted with the solid line. Hc2 for an anisotropic mixed d- and s-wave
superconductor without ZI is represented by the dot-dashed line. The involved parameter
values are taken to be: δ = Ts/Td = 0.06, c = 0.16, and γz = 0.15. Also plotted are Hc2 for
a two-dimensional s-wave supercondcutor (dotted line) and a pure d-wave superconductor
(dashed line) without the MA and the ZI. Note that, even though the increase of δ can
enhance Hc2,
6 for the value of δ chosen here, the upper critical field for an isotropic mixed
d- and s-wave order parameter (with δ = 0.06) without ZI is more or less same as that
of the pure d-wave superconductor (dashed line). As shown in Fig. 1, we find that the
mass anisotropy enhances Hc2 while the spin Zeeman coupling suppresses Hc2. This means
that the mass anisotropy supports superconductivity; in other words, it increases Tc (and
consequently the gap), which can be easily seen from the equation for Tc. In addition, one
can also see that Hc2 is saturated at zero temperature as a reflection of the thermodynamic
requirement; namely, on the phase boundary in the T −H plane,
8
− dHc2
dT
=
δS
δM
= 0 (25)
at T = 0 near Hc2, where δS is the entropy difference between the normal and supercon-
ducting states, and δM is the magnetization near Hc2.
Recently, the upper critical field Hc2 (parallel to the c axis) of YBCO with Tc = 84.3 K
has been measured down to about 4K.7 The corresponding data is shown by solid circles
in Fig. 1. The slope dH/dT |Tc has been experimentally observed to be −1.9 T/K.9 In the
theoretical calculation, we are mainly concerned about the low-temperature data ofHc2 most
because at the low temperature thermal fluctuation effect is negligible. As shown in Fig. 1,
the experimental data can be fit very well, with the above given parameter values, by our
calculation for an anisotropic mixed d- and s-wave superconductor including the ZI. Here
we would like to point out that, since δ enhances Hc2 more significantly than c,
6 if we take a
large value of δ, we have to choose a physically unacceptable high value of γz to fit the low-
temperature data. Actually, it is believed that Tc/EF ∼ 0.1 for a high-Tc superconductor,10
which yields γz = πTc/2EF ≈ 0.157 by assuming µ∗0 = µB (Bohr magneton). On the other
hand, most of available experiments seem to indicate that δ should be very small. All this
facts demonstrate that the chosen set of parameter values are physically reasonable. Finally,
we would like to mention: (i) Because Hp for the sample is about 185 T, the experimental
data in Ref.7 are within paramagnetic limit11 with the critical ratio Hp/Tc estimated to be
2.2 T/K for a d-wave superconductor. Therefore, in our consideration, we do not have to
include the spin-orbit interaction because it reduces the pair-breaking effect of the Zeeman
interaction, and consequently, it allows Hc2 to be larger than Hp.
12 In the theoretical point of
view, since the strength of the spin-orbit coupling is proportional to Z2, where Z is an atomic
number, we may neglect its effect in YBCO as long as no heavy-atomic impurity is taken
into account as in this paper. However, it may play an important role in such heavy-fermion
superconductors as UBe13 and UPt3.
13 (ii) Magnetic and non-magnetic impurities are pair
breakers so that it is clear the impurities reduce Hc2 as well as Tc.
14 However, the impurity
concentration in the sample prepared in Ref.7 seems to be negligible, the corresponding effect
9
is not considered here. (iii) Recently, O’brien et al.15 have interpreted the experiment based
on a three dimensional s-wave model.16 However, it is well-known that superconductivity
in YBCO is of two dimensional nature.1 (vi) A small deviation of theoretical results and
experimental data occurs in high temperature region because thermodynamic fluctuations12
of vortices is strong when temperature is high.
In summary, the upper critical field (Hc2) of a mixed d- and s-wave superconductor with
a mass anisotropy has been microscopically calculated based on the quasiclassical theory. We
found the mass anisotropy supports Hc2 against Zeeman suppression. Hc2 becomes saturated
at zero temperature in consistence with a thermodynamic requirement. The theoretical
results are compared well with recent experimental data of YBa2Cu3O7−δ.
One of us (W.K.) would like to thank V. Kogan and S. C. Lee for helpful discussions.
This work is supported by Texas Center for Superconductivity at the University of Houston
and by the Robert A. Welch Foundation.
APPENDIX A:
Since ∆0(R, φ) = ∆s(R) + ∆d(R, φ), we have two equations; namely, one is for ∆s(R)
and the other for ∆d(R) as follows:
∆s(R)= Vs
∑
ω
∫ dφ
2π
1
[1 + c sin(2φ)]
∫
dξe−2|ω|ξ cos(2µ∗0Hξ)Ω(Π+,Π−)∆s(R)
+Vs
∑
ω
∫ dφ
2π
sin(2φ)
[1 + c sin(2φ)]
∫
dξe−2|ω|ξ cos(2µ∗0Hξ)Ω(Π+,Π−)∆d(R) (A1)
and
∆d(R)= Vd
∑
ω
∫ dφ
2π
sin(2φ)
[1 + c sin(2φ)]
∫
dξe−2|ω|ξ cos(2µ∗0Hξ)Ω(Π+,Π−)∆s(R)
+Vd
∑
ω
∫
dφ
2π
sin(2φ)2
[1 + c sin(2φ)]
∫
dξe−2|ω|ξ cos(2µ∗0Hξ)Ω(Π+,Π−)∆d(R), (A2)
where
Ω(Π+,Π−) = 2πTN0 exp[−isgn(ω)
(
vF√
2
)
ξ{(e−iφ − iceiφ)Π+ + (eiφ + ice−iφ)Π−}] (A3)
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with Π± = (Πx ± iΠy)/
√
2. Note that
[−isgn(ω)
(
vF√
2
)
ξ(e−iφ − iceiφ)Π+,−isgn(ω)
(
vF√
2
)
ξ(eiφ + ice−iφ)Π−]
= 2|e|H
(
vF ξ√
2
)2
[1 + 2c sin(2φ) + c2], (A4)
then we obtain
∆s(R)= Vs
∑
ω
∫
dφ
2π
1
[1 + c sin(2φ)]
∫
dξe−2|ω|ξ cos(2µ∗0Hξ)Ω˜(Π+,Π−)∆s(R)
+Vs
∑
ω
∫
dφ
2π
sin(2φ)
[1 + c sin(2φ)]
∫
dξe−2|ω|ξ cos(2µ∗0Hξ)Ω˜(Π+,Π−)∆d(R) (A5)
and
∆d(R)= Vd
∑
ω
∫
dφ
2π
sin(2φ)
[1 + c sin(2φ)]
∫
dξe−2|ω|ξ cos(2µ∗0Hξ)Ω˜(Π+,Π−)∆s(R)
+Vd
∑
ω
∫
dφ
2π
sin(2φ)2
[1 + c sin(2φ)]
∫
dξe−2|ω|ξ cos(2µ∗0Hξ)Ω˜(Π+,Π−)∆d(R), (A6)
where
Ω˜(Π+,Π−) = 2πTN0 exp

−|e|H
(
vF ξ√
2
)2
(1 + 2c sin(2φ) + c2)


×e−isgn(ω)
(
vF√
2
)
ξ(e−iφ−iceiφ)Π+
e
−isgn(ω)
(
vF√
2
)
ξ(eiφ+ice−iφ)Π−
. (A7)
Expanding ∆s(d)(R) in terms of {fN (R)} and noting

 Π+
Π−

 fN =
√
2|e|H


√
N + 1
√
N



 fN+1
fN−1

 , (A8)
we obtain Eqs. (17) and (18).
11
REFERENCES
1 For a review, see D. J. Scalapino, Phys. Rep. 250, 329 (1995) for theory, and D. J. Van
Harlingen, Rev. Mod. Phys. 67, 515 (1995) for experiment.
2W. A. Atkinson and J. P. Carbotte, Phys. Rev. B 52, 10601 (1995).
3 J.-H. Xu, Y. Ren and C. S. Ting, Int. J. Mod. Phys. 10, 2699 (1996).
4W. Belzig, C. Bruder and M. Sigrist, Phys. Rev. Lett. 80, 4285 (1998).
5G. Eilenberger, Z. Phys. 241, 195 (1968).
6W. Kim, J.-X. Zhu and C. S. Ting, Phys. Rev. B 58, R607 (1998).
7H. Nakagawa, T. Takamasu, N. Miura and Y. Enomoto, Physica B 246-247, 429 (1998).
8C. T. Rieck, K. Scharnberg and N. Schopohl, J. Low Temp. Phys. 84, 381 (1991).
9U. Welp, W. K. Kwok, G. W. Crabtree, K. G. Vandervoort and J. Z. Liu, Phys. Rev.
Lett. 62, 1908 (1989).
10V. Z. Kresin and S. A. Wolf, in Novel superconductor, edited by S. A. Wolf and V. Z.
Kresin (Plenum press, 1987).
11A. M. Clongston, Phys. Rev. Lett. 9, 266 (1962); B. S. Chandrasekhar, Appl. Phys. lett.
1, 7 (1962).
12M. Tinkham, Introduction to superconductivity (McGraw-Hill, New York, 1996).
13M. Sigrist and K. Ueda, Rev. Mod. Phys. 63, 239 (1991).
14G. Yin and K. Maki, Physica B 194-196, 2025 (1994).
15 J. L. O’brien, H. Nakagawa, A. S. Dzurak, R. G. Clark, B. E. Kane, N. E. Lumpkin,
N. Miura, E. E. Mitchell, J. D. Goettee, J. S. Brooks, D. G. Rickel and R. P. Starrett,
cond-mat/9901341.
12
16 E. Helfand and N. R. Werthamer, Phys. Rev. 147, 288 (1966); N. R. Werthamer, E.
Helfand and P. C. Hohenberg, Phys. Rev. 147, 295 (1966).
13
FIGURES
T[K]
0 10 20 30 40 50 60 70 80
H
 c2
[T]

0
20
40
60
80
100
120
FIG. 1. The upper critical field Hc2 for an anisotropic mixed d- and s-wave superconductor
(solid line) with the spin Zeeman interaction taken into account. Solid circles are experimental
data of YBCO7. Also plotted areHc2 of a two-dimensional isotropic s-wave superconductor (dotted
line), a pure isotropic d-wave superconductor (dashed line), and an anisotropic mixed d- and s-wave
superconductor (dot-dashed line), all obtained without the Zeeman interaction included.
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